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EarthScope USArray
Between November 2009 and September 2011 the EarthScope USArray program deployed ∼25 temporary
seismograph stations on a 70-km grid in south-central Texas between 27◦N–31◦N and 96◦W–101◦W.
This area includes the Eagle Ford Shale. For decades this geographic region has produced gas and oil
from other strata using conventional methods, but recent developments in hydrofracturing technology has
allowed extensive development of natural gas resources from within the Eagle Ford. Our study surveys
small-magnitude seismic events and evaluates their correlation with ﬂuid extraction and injection in
the Eagle Ford, identifying and locating 62 probable earthquakes, including 58 not reported by the U.S.
Geological Survey. The 62 probable earthquakes occur singly or in clusters at 14 foci; of these foci, two
were situated near wells injecting recently increased volumes of water; eight were situated near wells
extracting recently increased volumes of oil and/or water; and four were not situated near wells reporting
signiﬁcant injection/extraction increases. Thus in this region, while the majority of small earthquakes may
be triggered/induced by human activity, they are more often associated with ﬂuid extraction than with
injection. We also investigated the MW4.8 20 October 2011 Fashing earthquake—the largest historically
reported earthquake in south-central Texas—that occurred two weeks after the removal of the temporary
USArray stations. A ﬁeld study indicated that the highest-intensity (MMI VI) region was about 10 km
south of 2010–2011 foreshock activity, and that there were no high-volume injection wells within 20 km
of the MMI V–VI region or the foreshocks. However, the 20 October 2011 earthquake did coincide with
a signiﬁcant increase in oil/water extraction volumes at wells within the MMI V–VI region, and this
was also true for previous earthquakes felt at Fashing in 1973 and 1983. In contrast, our study found
signiﬁcant increases in injection prior to an mbLG3.6 20 July 1991 earthquake near Falls City, Texas. Thus
the Eagle Ford geographic region, with seismic activity associated both with extraction and injection,
appears to be more complex than the Barnett Shale of northeast Texas, where a similar survey found
possible correlations only with ﬂuid injection.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY license.1. Introduction
While earthquake seismologists have long recognized that
ﬂuid injection into the subsurface sometimes triggers earthquakes
(Healy et al., 1968; Hsieh and Bredehoeft, 1981; Nicholson and
Wesson, 1990; Suckale, 2009), this phenomenon has gained at-
tention recently (e.g., National Research Council, 2012; Ellsworth,
2013) because earthquakes near injection disposal wells have oc-
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Open access under CC BY licenscurred in several locations where no previous seismicity had been
reported historically. These include Dallas–Fort Worth, TX (Frohlich
et al., 2011; Janska and Eisner, 2012; Reiter et al., 2012), Cleburne,
TX (Howe, 2012), Timpson, TX, and Youngstown, OH. In these
cases the injected ﬂuids were generated by shale-gas development
projects where wells are hydrofractured to enhance subsurface per-
meability. The production of gas is accompanied by the ﬂowback
of hydrofracture ﬂuids that require disposal, typically accomplished
by injecting them elsewhere in designated Class II disposal wells.
This study investigates the relationship between seismicity,
ﬂuid injection, and ﬂuid extraction in the Eagle Ford region of
south-central Texas (Fig. 1). Gas and oil have been produced exten-
sively from this region since before 1950, mostly from the Edwards
formation, a Lower Cretaceous limestone that underlies the Upper
Cretaceous Eagle Ford Shale. A series of southwest–northeast faulte.
C. Frohlich, M. Brunt / Earth and Planetary Science Letters 379 (2013) 56–63 57Fig. 1. Map showing extent of Eagle Ford Shale (shaded gray), USArray temporary
seismograph stations operating during Nov 2009 to Sept 2011 period (triangles),
historical seismicity (red circles; from Frohlich and Davis, 2002; and the NEIC), and
mapped faults (green; from Ewing, 1990). Large red circle labeled “2011” is NEIC
location for the 20 October 2011 MW4.8 earthquake, and beachball at right is focal
mechanism determined by the St. Louis group (Herrmann et al., 2011). Other labels
indicate year of historical earthquakes. Inset with boundary of Texas shows mapped
area and broadband seismograph stations (gray triangles) operating in 2005 prior to
passage of the USArray. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)
systems (see Fig. 1), including the Fashing Fault Zone, cuts through
much of the Eagle Ford region (Harbor, 2011). Most of these fault
systems formed in the proximity of up-dip Triassic/Jurassic salt
and result from basinward salt movement (Montgomery, 1990).
In some regional ﬁelds these faults provide the trap that makes
petroleum production viable.
Earthquakes with epicenters within or on the boundaries of
producing ﬁelds have occurred since a tremor was reported by
residents of Fashing, TX, on 25 December 1973 (e.g., Pennington
et al., 1986; Olson and Frohlich, 1992; Davis et al., 1995; Frohlich
and Davis, 2002). The largest of these earthquakes, with MW4.8,
occurred on 20 October 2011 near the Fashing Gas Field. Since
2008 the Eagle Ford has been an intense focus of shale-gas devel-
opment involving extensive hydrofracturing; this raises two ques-
tions: (1) Are small earthquakes within the Eagle Ford region as-
sociated either with ﬂuid extraction or injection? And (2) Does
the evidence indicate the MW4.8 20 October 2011 earthquake is
of natural origin, triggered by ﬂuid extraction, or triggered by the
injection to dispose of ﬂowback brines associated with production
and hydrofracturing?
Only a handful of seismograph stations operated in south-
central Texas prior to 2009 (Fig. 1); however, the passage of the
EarthScope USArray transportable array between 2009 and 2011
provided an unprecedented opportunity to identify and accurately
locate earthquakes. The present study will survey seismic activity
during this period and evaluate its relationship to both injection
and extraction wells. We will compare results from the Eagle Ford
region to results from a companion study of the Barnett Shale
(Frohlich, 2012). We also present a summary of felt reports for the
20 October 2011 Fashing earthquake.
The present survey searches for possible correlations between
seismicity and extraction/injection rates in the Eagle Ford region.
Interpreting the signiﬁcance of these correlations will require a
more thorough analysis of local geology as well as physical model-
ing of subsurface hydrological/stress. This is the focus of an ongo-Fig. 2. Map of locations of felt reports (circles) deﬁning the boundaries of regions
experiencing modiﬁed Mercalli intensity (MMI) IV, V, and VI during the 20 October
2011 earthquake (see also Table S2 and Fig. S2). Yellow squares labeled “W” are in-
jection wells: larger symbols—wells with maximum monthly rates >100,000 BWPM
(16,000 m3/mo); smaller symbols—wells with maximum monthly rates >10,000
BWPM (1600 m3/mo). Stars ‘∗’ indicate 20 October 2011 epicenter as reported
by the NEIC and ISC. Shaded gray regions are producing oil and gas ﬁelds from
Galloway et al. (1983) and Kosters et al. (1989). Note that there are no injection
wells within ∼20 km of center of MMI VI area. (For interpretation of the refer-
ences to color in this ﬁgure legend, the reader is referred to the web version of this
article.)
ing companion study for which we hope to enlist industry cooper-
ation concerning the details of subsurface structure.
2. Data and methods
2.1. Felt reports for the 20 October 2011 Fashing earthquake
We gathered felt report information (Fig. S2 and Fig. 2) in two
ways. Following the 20 October 2011 earthquake one of the au-
thors (M.B.) spent three days in the epicentral region interviewing
residents, concentrating his efforts in the higher-intensity areas.
We augmented these data with “Did you feel it?” (DYFI) infor-
mation provided by the National Earthquake Information Center
(NEIC). The DYFI program (Atkinson and Wald, 2007; Wald et al.,
2011) is an Internet-based program where individuals can provide
unsolicited responses to questions about their experiences and lo-
cation during an earthquake. The responses are assigned a mod-
iﬁed Mercalli intensity (MMI) value; the NEIC routinely presents
summary online maps of the MMI distributions. For this study the
DYFI data were especially useful for establishing boundaries for
the MMI III and MMI IV regions, whereas the in-person interviews
constrained the MMI V and MMI VI boundaries that had smaller
areal extents but were situated in regions where population was
sparse.
2.2. Seismic data and earthquake location
Our procedure for identifying seismic events involved three
steps. The ﬁrst step was to acquire vertical-component seismo-
grams for the ∼25 USArray stations operating in the study area
between November 2009 and September 2011. Then, to identify
time intervals when locatable seismic events might have occurred,
58 C. Frohlich, M. Brunt / Earth and Planetary Science Letters 379 (2013) 56–63Fig. 3. Map of seismic events (circles) located in this study, injection disposal wells
(yellow squares) active October 2006 to November 2009, and USArray temporary
stations (triangles). For seismic events, green circles have origin times between
1300 and 2400 hours, corresponding to local daylight work hours 7 AM to 6 PM;
red circles occur at other times; larger circles are ‘A’ quality locations (see text);
smaller circles are ‘B’ quality locations. In several areas events occur only dur-
ing daylight work hours and are presumably quarry blasts. For injection wells:
small symbols—maximum monthly volume >10,000 BWPM (1600 m3/mo); large
symbols—maximum monthly volume >100,000 BWPM (16,000 m3/mo). Rectangles
labeled ‘Dimmit’ and ‘Fashing’ show areas mapped in Figs. 4 and 8; labels near some
USArray stations indicate stations mentioned in the text. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of
this article.)
we applied a ﬁlter that compared the ratio of the signal short-
term average (STA; 4-s interval) and long-term-average (LTA; 1-h
interval) of the vertical-component signal. We thus identiﬁed 2252
intervals where the STA/LTA ratio exceeded 5.0 during a 30-s inter-
val at four stations.
The second step was to inspect arrivals for these signals, elim-
inating obvious teleseisms and non-regional seismic events. For
this we calculated predicted phase arrival times for phases from
selected earthquakes reported by the National Earthquake Informa-
tion Center (NEIC), the Array Network Facility (ANF) and the Okla-
homa seismic network. The third step was to acquire 3-component
seismograms for the remaining intervals. For these intervals we
picked P- and S-arrival times using Seismic Analysis Code (SAC)
software. After some experience had been gained and after making
some preliminary locations, we picked only representative events
from groups of apparent quarry blasts, i.e., groups of numerous
similar seismograms, all occurring during daytimes hours, with
identical S–P times, large surface waves, and epicenters in or near
quarries as identiﬁed on GoogleMap.
We located the remaining events using standard iterated least-
squares methods and two different ﬂat-layered velocity models
modiﬁed from regional models described by Mitchell and Landis-
man (1971), Keller and Shurbet (1975) and Frohlich et al. (2012)
(see Table S1). The crustal velocity varies signiﬁcantly within the
study area, and thus we obtained the most accurate locations
when we used phase arrivals only from the 4–6 nearest USAr-
ray stations surrounding each epicenter. When events occurred in
clusters, we reread the P- and S-arrivals within each cluster to en-
sure that we were picking the same arrival feature for the various
events. The distances separating stations (∼70 km) was too large
to permit accurate determination of focal depths; thus we ﬁxedfocal depths at 5 km for all events. With these procedures we ob-
tained locations for 245 seismic events (Fig. 3).
All earthquake and quarry blast locations in Fig. 3 were de-
termined using arrival picks from at least three nearby stations,
including one or more stations with both P and S picks. We graded
all locations as ‘A’ or ‘B’, with the A-grade given to epicenters de-
termined having an azimuthal gap of 200◦ or less and residuals
of 1.0 s or smaller. We estimate that ‘A’ quality epicenters are ac-
curate to within about 2 km, and ‘B’ quality epicenters to within
about 4 km. Both are signiﬁcantly more accurate than NEIC loca-
tions for small-magnitude (∼M3) Texas earthquakes.
To estimate earthquake magnitudes, we ﬁt the magnitudes
MNEIC for events reported by the NEIC to the equation:
MNEIC = a log10(AMax) + b/D,
where AMax is maximum peak-to-peak signal amplitude as mea-
sured in this study and D is event-to-station distance. We then
used the coeﬃcients obtained (a = 0.854 and b = −34.5 km) to
calculate M for events not reported by the NEIC, obtaining magni-
tudes ranging from ∼1.5 to 3.0.
2.3. Injection of water; extraction of petroleum and water
Within the Eagle Ford there are thousands of wells drilled
for producing oil and natural gas, for injecting water to enhance
petroleum production, and for disposing of ﬂowback brines asso-
ciated routinely with production operations and hydrofracturing.
The Texas Railroad Commission (RRC) regulates petroleum wells of
all types; they also archive information about permitting history,
well locations, depth, and monthly production/injection rates for
oil, gas, and water. The RRC database is publicly available online
and for individual wells includes monthly injection/production in-
formation that is mostly complete for approximately the past three
decades. For this study we used RRC data as supplied in more user-
friendly form by the company IHS Inc.
3. Results
3.1. Felt reports for the 20 October 2011 Fashing earthquake
The felt area of the Fashing earthquake extended over approx-
imately 11,000 km2 (MMI III area), from about 40 km south of
Fashing to 90 km north (Table S2 and Fig. S1). The north bound-
ary of the felt area included heavily populated San Antonio; the
southern boundary is sparsely populated.
The most intense shaking (MMI VI) occurred within a 64 km2
area that extended across the Fashing Gas ﬁeld (Fig. 2). Here res-
idents reported pictures falling off walls, items falling out of cup-
boards, and some cracking in masonry and sheet rock. The center
of the MMI VI area (Table S2) was at 28.79N 98.17W, 12 km south-
west of the epicenter determined by the NEIC (28.865N 98.079W),
but only about 3 km from the prime epicenter reported by the In-
ternational Seismological Center (28.7616N 98.1572W).
3.2. Seismic events: quarry blasts and earthquakes
The majority of events located in this study are probably
quarry blasts. Of the 245 seismic events located in this study, 201
(82 per cent) occurred between hours 1300 and 2400; this corre-
sponds to local times 7 AM to 6 PM, i.e., daylight working hours.
These daylight events often occurred in clusters; e.g., in Fig. 3
note the cluster north of the ‘Fashing’ label, the cluster on the
U.S.–Mexico border west of the ‘Dimmit’ label, and the clusters
south and east of station 434A. Inspection of GoogleMap revealed
crushed rock quarries near all of these clusters.
C. Frohlich, M. Brunt / Earth and Planetary Science Letters 379 (2013) 56–63 59Fig. 4. For Fashing region, map of seismic events (circles, symbols as in Fig. 3),
Class II injection wells (yellow squares, symbols as in Fig. 3), wells produc-
ing/extracting water (blue squares), USArray stations (triangles), and mapped faults
(green; from Ewing, 1990). Labels ‘A’, ‘B’, etc. indicate event groups listed in Ta-
ble S3 and discussed in the text except for the mbLG3.6 20 July 1991 Falls City
earthquake (large red symbol labeled 1991; see text for discussion). Ellipses labeled
with Roman numerals III–VI are boundaries of MMI felt areas for the 20 October
2011 MW4.8 earthquake (see Figs. 2, 3 and Fig. S1). (For interpretation of the refer-
ences to color in this ﬁgure legend, the reader is referred to the web version of this
article.)
Elsewhere seismic events occurred during both daylight and
nighttime hours. We have identiﬁed 62 as probable earthquakes
(see Table S3). All but ﬁve of these occurred in two areas—near
Fashing, TX, in Atascosa and Karnes Counties; and in Dimmit
County.
3.3. Fashing area: probable earthquakes and injection/production wells
We located 35 probable earthquakes in the Fashing area (Figs. 3
and 4, and Table S3). Since 1982 the International Seismological
Centre (ISC) has reported 15 earthquakes within the area mapped
in Fig. 4; if we combine these with the probable earthquakes iden-
tiﬁed in this study, their magnitude–frequency distribution is con-
sistent with a b-value of ∼1.0 (Fig. 5).
The Fashing events we identiﬁed occurred within eight clusters
(labeled A–H in Fig. 4), broadly distributed over a ∼100-km-long
SW–NE trending zone. None of the clusters were situated within
the highest-intensity (MMI VI) region of the 20 October 2011
MW4.8 earthquake; the closest cluster D was about 10 km north-
ward.
All but three of the Fashing events occurred during the second
year of this project, after 20 December 2010—ten months prior to
the 20 October 2011 earthquake, and 22 occurred in April or May
of 2011, approximately six months prior. These 22 were broadly
distributed geographically, including events in clusters A, C, D, G
and H. The last event we located occurred on 22 September 2011
(Event #6750, in cluster F). There were no USArray stations in the
Fashing area to record the 20 October 2011 earthquake or its af-
tershocks, as the array moved eastward during the ﬁrst week of
October.
Two of the event clusters, cluster A and cluster F, were situated
within 5 km of recently active injection wells (Table 1). Cluster A
consists of two earthquakes with magnitude ∼M1.8 occurring in
May and August of 2011. Since 2000 production of oil and gas has
been negligible within 5 km of cluster A (see Fig. S2), but there
are several nearby active injection wells. The closest high-volumeFig. 5. Magnitude–frequency plots for earthquakes located in Fashing area (Fig. 4).
Events labeled ‘USArray 2009–11’ are as identiﬁed in this study (see Table S3);
events labeled ‘ISC 1982–2012’ are as reported by the International Seismological
Centre (ISC). Note that a b-value (slope of magnitude–frequency line) of ∼1.0 is
consistent with both event groups.
Fig. 6. For wells within 10 km of cluster F (29◦N 98◦W; see Fig. 4), monthly vol-
umes (left axis) for the extraction of oil (green) and water (blue), injection of water
(red), and the net (black: oil + water extracted − water injected). Red circles and
right axis indicate occurrence and magnitude of earthquakes; gray shaded area in-
dicates time interval when USArray station data was available. Note that mbLG3.4 23
July 1991 Falls City earthquake followed signiﬁcant increases in injection beginning
in 1990, and the mb4.1 7 April 2008 earthquake followed increases in production
and injection in late 2006–2007. However, there is no obvious injection/production
relationship with cluster F earthquakes. (For interpretation of the references to color
in this ﬁgure legend, the reader is referred to the web version of this article.)
injection well [API 14201007611 at ∼5 km distance] commenced
injecting at rates of 10,000–70,000 BWPM (1600–11,200 m3/mo)
in 2004. Then in March 2011, two months prior to the occur-
rence of Event #6063 on 21 May 2011, injection rates increased
to 262,344 BWPM (42,000 m3/mo), and rates exceeded 190,000
BWPM (30,400 m3/mo) until November 2011.
The epicenters in cluster F coincide with the maximum-
intensity area of the 20 July 1991 mbLG3.6 Falls City earthquake
as determined by Olson and Frohlich (1992). The 1991 earth-
quake occurred following a large increase in monthly injection
rates that began in 1990 (Fig. 6) and exceeded 500,000 BWPM
(80,000 m3/mo) for all but two months between October 1990
and December 1993. There is no obvious relationship to injection
rates for cluster F epicenters that began occurring in March of
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Relationship of seismic events/event clusters to injection/extraction. Events/clusters are listed in Table S3 and labeled in Figs. 3, 4, and 8. Injection/extraction increase columns
describe monthly sums for all wells within included radius.
Fashing
clusters
Number
of events
1st event Injection increase Wells included
radius
(km)
Oil/water extraction increase No increase
A 2 May 2011 Feb 2011: ∼200,000 BWPM
increase
5
B 1 Jan 2011 5 Oct–Nov 2010: produced water doubles to
28,000 BWPM
C 12 Apr 2011 5 Mar 2011: oil + water doubles to
∼70,000 BPM
D 6 Aug 2010 5 Apr 2011: oil + water increases to
∼100,000 BPM and more
note increase is
after D begins
E 1 Feb 2011 none
F 4 Mar 2010 Jun 2011: ∼200,000 BWPM
inj. begins
5 Jan–Mar 2010: water increases to
90–100,000 BPM
G 4 Apr 2011 10 Mar 2011: oil + water increases to
∼80,000 BPM
H 5 May 2011 5 Sep 2010–May 2011: oil + water
increases to ∼100,000 BPM
Dimmit
clusters
Number
of events
1st event Injection increase Wells included
radius
(km)
Oil/water extraction increase No increase
J 1 Nov 2010 steady injection of
∼100,000 BWMP nearby for
∼15 yr
5 not an increase
K 7 Jan 2010 5 Nov 2009: sudden water increase to
170,000 BWMP
L 5 Apr 2010 5 Jan–Apr 2010: sudden increase of water
to 10–20,000 BWPM
M 9 Jun 2011 10 Oct 2010–May 2011: oil + water
increases, reaching 290,000 BWPM
Other
events
Number
of events
1st event Injection increase Wells included
radius
(km)
Oil/water extraction increase No increase
434A 2 Sep 2010 none
636A 2 Nov 2010 none
Alice 1 Apr 2010 (complex)Fig. 7. For wells within 5 km of cluster H (29.353◦N 97.413◦W; see Fig. 4), monthly
volumes (left axis) for the extraction of oil (green) and water (blue), injection of
water (red), and the net (black: oil + water extracted − water injected). Red circles
and right axis indicate timing and magnitudes of cluster H events; gray shaded area
indicates time interval when USArray station data was available. (For interpretation
of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)
2010 (Fig. S3). However, the extraction of water for wells within
5 km of F events did increase to nearly 100,000 BWPM between
January and March of 2010 when the events began.There are no recently active injection wells nearby clusters B,
C, D, E, G and H; however, all but E coincide with increases in
production of oil and/or water (Table 1). The B epicenter (Event
#5220 in Table S3) occurred two months following a two-month
spike in water production at wells within 5 km (Fig. S4). And the
G and H activity only began after marked increases in production
of oil and water at wells within 10 km (Fig. 7 and Fig. S5).
The C and D clusters are closest geographically to the highest-
intensity region of the 20 October 2011 MW4.8 earthquake. Oil and
water production increased sharply near clusters D early in 2011
(Fig. S6) and near cluster C before April 2011 when the activity oc-
curred. Rates of oil + water production remained high throughout
most of 2011 and 2012. Although the 20 October 2011 earthquakes
occurred following a peak in water production (Fig. S6), the D-
cluster events began well before the increase commenced.
If we consider size and time dependence of the clusters A–F,
none would be characterized as mainshock–aftershock sequences,
with a large earthquake followed by numerous smaller-magnitude
events (see Table S3). Instead, when there were several events in a
cluster the times were generally swarm-like, with all events hav-
ing similar magnitudes and occurring within a one- or two-month
period (e.g., see clusters C, G, and H).
3.4. Dimmit area: probable earthquakes and injection/production wells
Our investigation identiﬁed 22 probable earthquakes (Fig. 8 and
Table S3) in Dimmit County, an environment where no earthquakes
had previously been reported. Except for one isolated event (la-
C. Frohlich, M. Brunt / Earth and Planetary Science Letters 379 (2013) 56–63 61Fig. 8. For Dimmit County and neighboring region (see Fig. 3), map of seismic
events (circles; symbols as in Fig. 3), USArray stations (triangles) and wells in-
jecting water (yellow squares) and producing water (blue squares). For wells:
small symbols—maximum monthly volume >10,000 BWPM (1600 m3/mo); large
symbols—maximum monthly volume >100,000 BWPM (16,000 m3/mo). Labels ‘J’,
‘K’, etc. indicate event groups listed in Table S3 and discussed in the text. (For in-
terpretation of the references to color in this ﬁgure legend, the reader is referred to
the web version of this article.)
beled J in Fig. 8; #4728 in Table S3) all occurred in three clusters
(K, L and M). The northern cluster K consisted of seven events, and
began in January 2010. There were ﬁve events in cluster L, all oc-
curring during April 2010, and nine events in cluster M, all in June
and July, 2011.
Off these events none except event J occurred near active high-
volume injection wells (Table 1). Wells within 5 km of J’s location
had been injecting at volumes of ∼100,000 BWPM since 1996.
In contrast, clusters K, L, and M all are within 5–10 km of wells
producing water or oil that reported signiﬁcant increases in 2009
or 2010. For example, water wells within 5 km of cluster K pro-
duced 169,000 BWPM (27,000 m3/mo) in November 2009; the K
events began in January 2010 (Fig. S7). Wells within 10 km of M
all began producing early in 2010; and for the two months prior
to June 2011 when M activity began, their combined extraction of
oil and water exceeded 270,000 BPM (Fig. S8). As in the Fashing
area, the size and time dependence of Dimmit clusters was more
swarm-like than aftershock-like, e.g., all the events in cluster M
had magnitudes between 1.9 and 2.7, and all occurred within a
three-week period.
3.5. Other probable earthquakes
The remaining probable earthquakes include the mbLG3.9
25 April 2010 earthquake felt widely near Alice, TX (see Fig. 3 and
Event #1986 in Table S3) that was the subject of an investigation
by Frohlich et al. (2012). Two other isolated events that are prob-
able earthquakes occurred on 18 September 2010 (Events #3906
and #3909 south of station 434A in Fig. 3). Although there are
stone quarries that do sometimes generate quarry blasts near this
location (a nearby city is named Marble Falls) the seismograms for
these two events were distinct, with higher-frequency body waves
and smaller surface waves than regional quarry blasts (see Fig. S9).
Finally, two probable earthquake events occurred east of station
636A on 2 November 2010 and 9 December 2010 (Events #4484
and #4828 in Table S3). None of these remaining events are near
active production or injection wells.4. Discussion
4.1. Possibly-induced earthquakes and USArray
Like Frohlich’s (2012) survey of earthquakes and injection wells
in the Barnett Shale of northeast Texas, the present investigation
of the Eagle Ford analyzed seismograms collected by the USArray
stations to identify small-magnitude seismic events and evaluate
their relationship to the extraction/injection of ﬂuids in wells oper-
ated by the petroleum industry. Both studies surveyed seismicity in
an area undergoing intensive petroleum operations, and evaluated
possible relationships between seismicity and human activities. By
surveying small-magnitude events, most too small to be reported
by the NEIC or felt by local residents, these studies contrast with
many investigations of induced/triggered seismicity that are initi-
ated only after an earthquake occurs that is large enough to be felt
by local residents and provoke media attention.
Both this study and Frohlich’s (2012) survey were possible only
because the USArray stations improved event-detection thresholds
and increased accuracy of epicenter determination. The USArray
program was conceived and funded before there was widespread
public concern concerning possible human-caused earthquakes in
Texas and elsewhere. Thus these investigations provide apt exam-
ples of the potential unanticipated beneﬁts that can follow from
large-data gathering programs like USArray, especially when the
data are made freely available to all.
From an analysis of USArray data, the present investigation was
to able to identify 62 small-magnitude events classiﬁed as probable
earthquakes occurring in/near the Eagle Ford during the Novem-
ber 2009 to September 2011 survey period. Of these events, only
four were reported by the NEIC. There were also ﬁve earthquakes
outside the boundaries of the Eagle Ford (see events near stations
434A and 636A in Fig. 3) including the previously-studied mbLG3.9
earthquake occurring in April 2010 near Alice, TX (see Frohlich et
al., 2011).
For earthquakes occurring prior to the deployment, and follow-
ing the removal of the USArray stations, there is often 10 km
or more uncertainty in their epicentral location unless felt re-
ports are available to better constrain the epicenter. For example,
maximum-intensity foci were established for the mbLG3.6 23 July
1991 and mbLG4.3 9 April 1993 earthquakes near Falls City and
Fashing (Olson and Frohlich, 1992; Davis et al., 1995). In contrast,
no felt-report survey was undertaken for the mb4.1 7 April 2008
earthquake and although it was felt in Falls City its exact location
is uncertain.
4.2. Relationship of seismicity to injection/extraction
The principal result of this study was that the majority
(∼90 per cent) of the identiﬁed probable earthquakes occurred
as single events or clusters at foci near active production or in-
jection wells. Of these foci near active wells, 85 percent occurred
near wells where injection or extraction had undergone a signiﬁ-
cant increase within a year or less prior to the beginning of seismic
activity.
However, increases in ﬂuid extraction, rather than injection, oc-
curred prior to the majority of these events and foci (47 of 62
events; 8 of 14 foci). For example, in Dimmit County since 2008
production of water for hydrofracturing and agriculture has in-
creased signiﬁcantly (Nicot and Scanlon, 2012); 21 of the 22 events
(3 of 4 foci) we identiﬁed in the Dimmit area (Fig. 8 and Table 1,
clusters J–M) appear to be within 5–10 km of such wells. In the
Fashing area (Fig. 4 and Table 1, clusters A–F) 28 of the 35 events
(5 of 8 foci) identiﬁed are near wells showing increases in oil/wa-
ter production.
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mic events at two foci—foci A in the Fashing region and J in Dim-
mit County. In addition, our investigation found that the mbLG3.6
20 July 1991 Falls City earthquake followed an 18-month interval
where injection at nearby wells had increased substantially.
These associations between seismic activity and increases in
injection/production volumes imply that many of the Eagle Ford
earthquakes were triggered/induced. Of course, injection/produc-
tion activity is nearly ubiquitous throughout much of the Eagle
Ford, and in many areas this activity increased markedly in 2010.
Thus it is possible that earthquakes of natural origin may occur co-
incidentally near active wells. However, the observation that most
earthquakes identiﬁed in this study occurred during the second
year of the survey, when regional injection/production rates were
generally higher, favors an induced/triggered origin.
The results of this survey indicate the relationship between
seismicity and injection/extraction is more complex in the Eagle
Ford than in the Barnett. In the Barnett, Frohlich’s (2012) two-
year survey found that seismic activity was clustered near injection
wells, and these were wells having monthly injection rates exceed-
ing 150,000 BWPM (24,000 m3/mo). In the Eagle Ford, our survey
ﬁnds that seismicity is associated with increases of both injection
and extraction, and we were unable to identify a critical monthly
rate. In both the Barnett and Eagle Ford there are numerous high-
volume production and injection wells with no nearby seismicity.
There are geological and historical differences between the Bar-
nett and the Eagle Ford that may explain the differences in their
induced seismicity. In the Eagle Ford region petroleum has been
produced by conventional means from various other strata, no-
tably the Edwards formation, for more than 60 yr. The plays are
fault bounded and some have been associated with extraction-
related earthquakes since the 1970’s (Pennington et al., 1986;
Davis et al., 1995). In contrast, the induced earthquakes in the Bar-
nett have mostly occurred areas where widespread development
took place only within the past ten years (Frohlich, 2012). Thus
the differences in Eagle Ford/Barnett induced seismicity may arise
partly because human intervention affects a broader variety of geo-
logical formations in the Eagle Ford, and partly because features of
induced seismicity can change over time scales of decades when
injection/extraction is ongoing. This is certainly true for the seis-
micity associated with injection in Paradox Valley, CO, which has
been ongoing for more than 20 yr (Ake et al., 2005).
In both the Eagle Ford and Barnett, as well as many other
petroleum-producing regions in the U.S., the sparseness of per-
manent seismic station coverage is inadequate if we hope to un-
derstand why some operations induce earthquakes and others do
not. The two-year coverage provided by USArray allows us to iden-
tify earthquakes with magnitudes of 2 and smaller and obtain
epicenters with uncertainties of ∼2 km—often good enough to as-
sociate them with particular wells. However, two years is not a
suﬃciently long interval to obtain unequivocal statistical evidence
that particular wells are or are not inducing earthquakes, nor was
the station spacing of the USArray network adequate to obtain fo-
cal depth information. To better understand the scientiﬁc basis of
induced earthquakes, for crafting effective policies regulating injec-
tion/extraction wells, and for developing effective strategies so that
well operators can manage and mitigate the associated hazards, it
is desirable to deploy more permanent regional seismic stations,
including some densely instrumented networks in targeted areas
where induced earthquakes are known to occur.
4.3. Was the MW 4.8 20 October Fashing earthquake induced/triggered?
We ﬁnd no evidence that ﬂuid injection is responsible for the
20 October 2011 earthquake. Injection is absent or negligible at
wells within the MMI-V felt area, and at wells near foreshockFig. 9. Fashing earthquakes (red circles, right axis) and monthly volumes (left axis)
for the extraction of oil (green) and water (blue), injection of water (red), and net
(black: extraction oil + water – injection water) for wells within MMI V region of
the 20 October 2011 earthquake (see Fig. 4). Note that earthquakes in 1973, 1983
and 2011 coincide with signiﬁcant increases in extraction volumes. Gray shaded
area indicates time interval when USArray station data was available. (For interpre-
tation of the references to color in this ﬁgure legend, the reader is referred to the
web version of this article.)
clusters D and E. The nearest active high-volume injection wells
are about 20 km distant near the site of the 1991 Falls City
earthquake—it seems implausible that injection at this distance
would induce/trigger the 2011 event.
A comparison of Fashing seismic activity with the 50-yr record
of production of petroleum and water in the MMI-V region of the
20 October 2011 earthquake (Fig. 9) suggests there is a relationship
between seismic activity and the extraction of ﬂuids (oil + wa-
ter). The ﬁrst known Fashing earthquake occurred on 25 December
1973 and followed a marked increase in the production of water
at nearby wells that began late in 1971 and ﬁrst reached 300,000
BWPM (48,000 m3/mo) in November 1973. The mbLG3.4 earth-
quake of 23 July 1983 occurred during a nine-month period begin-
ning in January 1983 when water production exceeded 400,000
BWPM (64,000 m3/mo). There is no apparent water-production
anomaly associated with the mbLG4.3 Fashing earthquake of 9 April
1993.
Finally, the MW4.8 20 October 2011 earthquake followed in-
creases in the production of oil and water that began in 2010. In
fact, it was in October 2011 that the sum of oil + water extrac-
tion ﬁrst exceeded its highest level of the previous three decades
(750,000 BPM, or 120,000 m3/mo, in December 2003).
Thus it is plausible that extraction of oil and water in-
duced/triggered the MW4.8 20 October 2011 earthquake. This is
consistent with the previous studies Fashing-area earthquakes by
Pennington et al. (1986) and Davis et al. (1995), who concluded
that depressuring of subsurface ﬂuids associated with the ex-
traction of oil and water caused Fashing 1973–1993 earthquakes
activity. It is notable that the centers of the maximum-intensity
felt areas are virtually identical for the Fashing events of 23 July
1983 (mbLG3.4), 9 April 1993 (mbLG4.3), and 20 October 2011 (see
Davis et al., 1995; Frohlich and Davis, 2002).
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